ABSTRACT. The study reconstructed the environment of a fan delta fi lling the vast end depression of the Skaliska Basin, and its overlying aeolian deposits. The formation of the large fan delta is associated with the presence of an ice-dammed lake functioning during the retreat of the Vistulian Glaciation (MIS 2). The examined material was collected from fi ve boreholes. Sediments were analysed for their granulometric composition and subjected to analyses of frosting and rounding of quartz grains. Grain size analysis showed that the fan delta deposits are built of sand sediments of very low lateral and vertical variability. The fan delta was supplied with fl uvioglacial sediments. Accumulation of sediments occurred in shallow water with a very low-gradient slope. The exposed fan delta became a site conducive to aeolian processes after the lake waters fell and the Skaliska Basin depression dried. Dune deposits overlying the fan were affected by short-distance transport so they did not acquire features typical for aeolian deposits.
INTRODUCTION
Glacial environments are very complex systems. Glacial melt water plays an important role because it affects sediment transfer, glacier dynamics, and erosion and creation of distinct landforms (Eyles et al. 1987 , Russell 2007 , Liermann et al. 2012 . Proglacial lakes are also crucial elements of this system. They capture much of the material transported by proglacial meltwater, thus recording the history of glaciation of the area as well as the processes that took place within the lake and its catchment (Orton & Reading 1993 , Eissemann 2002 , Winsemann et al. 2007 , Hasholt et al. 2008 , Liermann et al. 2012 . Very often this type of lake is accompanied by the accumulation of large deltas (e.g. Zieliński & Brodzikowski 1992 , Hasholt et al. 2008 , Liermann et al. 2012 . A deltaic system is very sensitive to any changes in even a single element of the environment. This may be refl ected in the sediments forming a delta or in the delta's morphology (Orton & Reading 1993) . The confi guration of the drainage basin, depth of water, transport and accumulation of sediments as well as the nature of processes in the subaquatic environment are major factors of the environment that affect the functioning of such a system (Orton & Reading 1993 , Rodriguez et al. 2000 . Orton and Reading (1993) suggest that the grain size of the sediment load supplying a delta plays a key role in the shape and size of a delta. Thus grain size is an essential aspect of sedimentary facies and facies sequences.
The Skaliska Basin in north-eastern Poland, functioning during the Pomeranian phase of the Vistulian (Weichselian) glaciation, is an example of such a proglacial lake. The meltwater lake fl owed out after the retreat of the ice sheet, when the meltwater outfl ow pathways that had previously been blocked by an ice dam (Pochocka-Szwarc 2013) were cleared, uncovering an extensive sand deposit on which dunes developed.
In the present work the sedimentation conditions of the deposits forming the vast delta which fi lled the Skaliska Basin, are reconstructed, and factors responsible for the shape and size of the delta identifi ed. The intensity and duration of the aeolian processes that operated when the lake fell dry are determined.
GEOGRAPHICAL AND GEOLOGICAL SETTING
The Skaliska Basin is a vast fl at-bottomed depression extending to the northeast of Węgorzewo, on the border with Russia. The northern part of the basin is outside Poland's borders, in the Kaliningrad Region (Fig. 1) . In this study the sediments that built the extensive sandy delta, accumulated in a proglacial lake fi lling the Skaliska Basin were examined. The basin is a depression between successive ridges of recession moraines formed during the retreat of the glacial front in the Pomeranian phase of the Vistulian (Weichselian) glaciation (MIS 2). The lake functioned Fig. 1 . Location of the study area for at least several hundred years and reached a surface area of ca 90 km 2 (Pochocka-Szwarc 2010). The occurrence of the lake is recorded in varved clays 1.5-17.8 m thick (Fig. 2) . They are overlain by sandy deposits and underlain by glacial till assigned to the ice sheet retreat during the Pomeranian phase (Pochocka-Szwarc & Lisicki 2001 , Pochocka-Szwarc 2003 .
Sandy sediments began to accumulate in the lake after glacial meltwater fl owing southward on a sandur running along the north and west side of Szeskie Hill became dammed (PochockaSzwarc 2003 (PochockaSzwarc , 2010 . Probably the cause of the damming was a landslide, initially forming a stagnant water reservoir and then directing the outfl ow of fl uvioglacial water to the west, to the Skaliska Basin (Fig. 1) . At fi rst the fl ow followed a narrow, deeply indented valley and was breakthrough in character, with erosion as the dominant process. Two to three kilometers further the valley expanded, forming a vast alluvial fan ca 3 km long. These processes formed the delta at the mouths of fl uvioglacial streams to the reservoir, near Banie Mazurskie village (Fig. 3) . The delta creates a fl at, almost radial fan with a maximum radius of ca 6 km (Fig. 3) . The sandy sediments forming the delta range from 1.5 to 16.0 m in thickness. In the south-east part of the basin the sand fl oor of the sediments is at 119-116 m a.s.l., gradually descending westward to ca 100 m a.s.l. (Fig. 3) . While the lake existed the front of the ice sheet was 1-2 km to the north (Fig. 1) . Regression of the front of the ice sheet resulted in changes in the base level. The withdrawal of the front beyond the line of the Pregoła Valley cleared impediments to northward and subsequently westward outfl ow of water from the lake (Pochocka-Szwarc 2005) . This led to outfl ow of waters from the ice-dammed lake in the Skaliska Basin (Pochocka-Szwarc 2009 . The delta sediments were overlain by aeolian deposits developed as parabolic dunes forming a north-south belt.
METHODS

SAMPLING ORGANISATION
To identify the conditions of transport and sedimentation within the delta that accumulated in the Skaliska Basin, three full-core geoprobe holes (Pochocka-Szwarc 2010) and 19 mechanical drillings, each at least 10-15 m deep, were made. Five boreholes (numbered 1-5) were used for detailed investigations (Fig. 4) . Additionally, an outcrop was used to examine sediments down to 2.6 m depth (Fig. 3) . Topographic map analyses and geophysical studies preceded drilling. Sampling sites were distributed among locations showing depositional conditions within the delta (Fig. 3) , both laterally (from proximal to distal, i.e. SE to W) and in vertical section. The outcrop (DPL) was dug in the crest parts of the parabolic dune overlying the delta. The relative elevation of that form is 5 m.
GRAIN SIZE ANALYSIS
The material for textural examination of sediments was collected from three boreholes (numbered 1-3) and the outcrop DPL (Fig. 3) . The obtained sediments (32 samples) were subjected to grain size analysis. The granulometric composition was determined with an Analysette 22 Comfort Laser Particle Sizer. The results were used to calculate grain size parameters following Folk and Ward (1957) : mean grain diameter (M z ), standard deviation (sorting) (σ 1 ), skewness (Sk 1 ) and kurtosis (K G ) (peakedness of a particle size distribution curve). Kurtosis gives information about the stability of environmental dynamics: the higher the value of kurtosis, the more uniform the environmental conditions (Racinowski et al. 2002) . Frequency and cumulative curves were plotted on a probability scale. The grain size distributions were interpreted according to Visher (1969) "...a sedimentological concept assuming that cumulative curves consist of several line segments, each segment symbolizing categories of particles (populations)" carried in different types of transport (Bartholdy et al. 2007 , Opreanu et al. 2007 , Mycielska-Dowgiałło & Ludwikowska-Kędzia 2011 , Srivastava et al. 2012 . All grain size values are presented on the phi scale.
ROUNDING AND FROSTING OF QUARTZ GRAINS
Additionally, 4 samples from the outcrop DPL ( Fig. 3) were analysed for frosting and rounding of quarz grains according to Cailleux (1942) as modifi ed by Goździk (1980) and Mycielska-Dowgiałło and Woronko (1998) . The aim of the analysis was to determine whether the quartz grains bore traces of aeolian abrasion, hence how long the sediments were reworked by aeolian processes. Each analysed sample consisted of 100-200 quartz grains of the 1.0-0.8 mm fraction. The analyses assessed quartz grain rounding on the scale of Krumbein (1941) and characterized the grain surfaces. Seven types of grains were distinguished, each associated with a different transport environment or weathering process:
NU -fresh and angular grains with sharp edges, no traces of processing, with rounding degree of 0.1-0.2 following Krumbein (1941) . They were likely to be produced by processes operating during, e.g., the action of frost weathering or crushing in a glacial environment; RM -round, matte grains with a completely frosted surface (0.7-0.9), representing the aeolian environment. The high degree of rounding is an effect of long-lasting abrasion proceeding during transport in saltation in the aeolian environment; EL -round, shiny grains (0.7-0.9) originating from a high-energy beach or fl uvial environment ( 'other' -grains of various degrees of rounding, the surfaces of which were affected by intensive chemical and mechanical weathering. No effects of abrasion are found on the surface of such grains; C -broken grains with at least 30% loss of surface (Goździk 1995) .
DATING OF SEDIMENTS
Sediments obtained from the outcrop DPL were also sampled for OSL dating performed at the Luminescence Dating Laboratory of Institute of Physics, Silesian Technical University in Gliwice. Samples were collected from the outcrop at 2.5 and 2.2 m depth. In borehole 1 (12.0 m depth) during the drilling (Fig. 3) , silty sediments were recorded at 8.2-11.0 m depth, overlying a series of laminated clay from the ice-dammed lake. They form the top part of sediments accumulated in the lake, which fi lled the Skaliska Basin during the Vistulian glaciation (Pochocka-Szwarc 2009). Lacustrine sediments are overlain by sandy material 8.2 m thick (Fig. 4) . Grain size analyses indicate that the sand is fi ne-grained, with low variability of the basic grain size parameters within the section, including mean grain size (M z ), and slightly positive skewness (Sk 1 ). This is accompanied by deterioration of sorting (σ 1 ) from 0.79 to 0.98 moving up the profi le in the 10.0-1.5 m depth range, and σ 1 > 1 at the 0.5-1.5 m level. The kurtosis values (K G ) are 1.08-1.29; that is, the particle size distribution curve goes from normal or mesokurtic to excessively peaked (leptokurtic). The exception is the fl oor of sandy sediments, at 0.5 m depth, where K G increases to 1.54, very leptokurtic (Fig. 5) . The analyses show dominance of grains of the 0.5-0.063 mm fraction in sandy sediments, varying in proportion from 77.03% at the basal part of the series through 92-96% at 7.7-5.0 m depth to 83.2% in the top part. Cumulative curves are characterized by clear marking of three curve segments indicating different modes of sediment transport: in the bed load (Fig. 6A) , by saltation and in suspension (Visher 1969 , Opreanu et al. 2007 , MycielskaDowgiałło & Ludwikowska-Kędzia 2011 . In most cases, grains over 1.0 mm in diameter are transported by rolling and sliding. This type of transport involved only ca 5% of the grains. Grains of the 1.0-0.063 mm fraction were transported by saltation. The steeply inclined segment of the saltation curve indicates very good sorting of sediments transported this way. Sediments transported in suspension show the poor sorting typical for that process (Fig. 6A) . Good sorting is confi rmed by the relatively high-peaked frequency curves (Fig. 6B) . At the Fig. 4 . Sections of sediments accumulated in the lake that fi lled the Skaliska Basin; dd -fan-delta deposit, pd -prodelta deposit, ld -lake deposit, pt -peat, s -soil and/or antropogenically affected material same time, upward from 3.0 m depth there are two evident cycles of increase in the share of the > 0.5 mm fraction in the sediment (Fig. 5) .
In borehole 2, located ca 2 km west of borehole 1 (Fig. 3) , the sandy sediments (Fig. 4) attain 8.0 m thickness (depth 0.0-8.0 m). They overlie lacustrine clays in which mean grain size (M z ) ranges from 8.41 phi at 9.1 m depth to 6.46 phi in the ceiling (8.1 m depth). Kurtosis (K G ) changes from 0.98 (mesokurtic particle size distribution curve) to 1.34 (leptokurtic) in the ceiling (Fig. 7) , which corresponds with the course of the frequency curve (Fig. 6D) . The basal part of the sandy sediments To the top of the profi le, mean particle size (M z ) ranges from 1.39 to 1.89 phi, sorting (σ 1 ) from 0.61 to 0.86, and kurtosis (K G ) from 1 to 1.5 (Fig. 7) . For sand deposits the cumulative curves on the probability scale are very similar to those the deposits drilled in borehole 1. They consist of three units with a very steep unit (Fig. 6C ) corresponding to saltation (Visher 1969) . Such cycles of grain diameter increase followed by fi ning of sediment are observed at least three times within the section: at 5.0 m, 3.0 m and 2.6 m depths. Each cycle begins with an increase in the share of grains of the > 0.5 mm fraction in the sediment (Fig. 7) .
Borehole 3 was obtained from the central part of the Skaliska Basin (Fig. 3) . At this site the sandy sediments are 8.0 m thick (Fig. 8) . As in boreholes 1 and 2, variability of the basic grain size parameters is low. The basal part of the sediments have mean grain size (M z ) of 2.91 phi, poor sorting (σ 1 = 1.74), positive skewness (Sk 1 = 0.125) and kurtosis (K G ) of 1.37 (leptokurtic), i.e. a curve with a sharp maximum. Moving up the profi le, M z changes in a small range, from 1.51 phi at 4.0 m depth through 2.09 phi at 1.5 m depth to 1.89 phi in the ceiling of sand sediments, Deposit sorting is improved toward the top of the profi le, accompanied by a decrease of skewness and kurtosis (Fig. 8) . The cumulative curves according to Visher (1969) are marked by a clear unit corresponding to transport by saltation and in suspension (Fig. 6E) . On the other hand, frequency curves are high-peaked, confi rming the relatively good sorting of sediments (Fig. 6F) Subsequently there is periodicity of sedimentation, indicating supply of coarser material to the basin (Fig. 5) . The mineral sediments are underlain by peat.
In boreholes 4 and 5 (Figs 3, 4) , located in the most distal part of the Skaliska Basin's sandy deposits, the sediments are developed as in boreholes 1, 2 and 3 under anthropogenically affected material (Figs 4, 5, 7, 8) . In borehole 5, clay is overlain by mud deposits 2 m thick (6.0-8.0 m depth). They in turn are covered by silty-sand material 5 m thick. There is no evidence of sandy deposits (Fig. 4) . In borehole 4, however, under anthropogenic deposits there Fig. 6 . Cumulative curve of sediments deposited in the lake fi lling the Skaliska Basin: A -profi le 1; C -profi le 2; E -profi le 3.
Frequency curves of sediments deposited in the lake that fi lled the Skaliska Basin: B -profi le 1; D -profi le 2; F -profi le 3 is fi ne sandy material ca 4 m thick overlying silt sediments, as in all other boreholes except borehole 2.
It is worth noting that the content of the < 0.004 mm fraction does not exceed 0.2%, while the share of silty fraction (0.063-0.004 mm) is 10% in all examined sections of the sediments forming the delta. High homogeneity of sediments is suggested by the shape of the cumulative curves on probability plots. There, two units indicate saltation and sliding or rolling according to Visher (1969) .
DUNE DEPOSITS
All the sediment from the outcrop DPL (Fig. 3, 9 ) is of massive structure (Sm). The 0.75-0.90 m depth interval is marked by a zone enriched in Fe   3+ , the occurrence of which results from soil processes (illuviation zone -E). The dune is formed of fi ne sand succeeded by medium sand, with the mean grain size (M z ) changing from 2.02 phi at 2.0 m depth through 2.50 phi at 1.5 m depth to 2.79 phi at 0.4 m depth. The sediment shows moderate or poor sorting (σ 1 ) ranging from 0.88 to 1.20, and positive or very positive skewness (Sk 1 from 0.317 to 0.015). The Fe 3+ -enriched zone shows noticeably fi ner mean grain size (M z = 5.41 phi), very poor sorting (σ 1 = 2.46), and the lowest value of kurtosis (K G = 0.85 in the profi le), i.e. a fl at (platykurtic) particle size distribution curve (Fig. 9) .
Analyses made according to Cailleux (1942) as modifi ed by Goździk (1980) and Mycielska-Dowgiałło and Woronko (1998) reveal great variability of grain types, representing both aeolian (RM and EM/RM) and fl uvial or high-energy beach environments (EL and EM/EL). The proportion of grains with surface subjected to intensive in situ weathering ('other') is very high. The content of broken grains (C) was high in all analysed samples (Tab. 1). The OSL dating for the sample from 2.5 m depth is 10.03 ± 4.7 ka (GdTL 1168), and 9.57 ± 4.5 ka (GdTL 1169) for the sample from 2.2 m depth (Fig. 9) .
DISCUSSION MORPHOLOGY AND DEPOSITIONAL
ENVIRONMENT OF THE DELTA Sedimentary structure cannot be observed in the sandy deposits of the Skaliska Basin, making it diffi cult to interpret their depositional environments. The morphology of the form, comprising a long, very gradual slope with a cone accumulated at the most distal part of the sandur, suggests that it should be called a fan delta (Nemec & Steel 1988) . The declination of the delta slope probably was the only place where the slope was equal to the angle of repose in the aquatic environment (i.e. 20-30°), as recorded in the sediments (Zieliński & Brodzikowski 1992) . Forms of this type are recorded in past proglacial lakes and The fan delta that accumulated in the lake which fi lled the Skaliska Basin during the retreat of the last glaciation is composed of fi ne-grained sandy sediments directly underlain by silt and clay materials everywhere within it. The conditions accompanying accumulation were very stable. This is seen in the diagrams plotted for mean grain size (M z )/ sorting (σ 1 ), where the spread of points is very narrow (Fig. 10) . Such ratios are characteristic of a fl uvial environment for current overbank facies (Mycielska-Dowgiałło & LudwikowskaKędzia 2011) and most likely associated with migrating current ripples. The high kurtosis values in all analysed profi les (Figs 5, 7, 8 ) also confi rm stable environmental conditions. The cumulative curves of delta sediments indicate that the main mass of sediments was transported by saltation, with only small shares of rolling, dragging, and suspension. Racinowski et al. (2002) suggest that high (leptokurtic) kurtosis indicates that a deposit is in a transit phase. This material has been transported and deposited selectively. In the cumulative curves a clearly visible unit corresponds to particles transported in suspension, and the frequency curves tail toward fi ne fractions; this indicates reduction of speed resulting in immobilisation of particles transported by saltation and accumulation of material from suspension (Racinowski et al. 2002) . However, there are small changes in the particle diameter distribution along the vertical profi les, showing the features of a sequence of normal grading, for example in borehole 2 (Fig. 7) . It is marked by an increase in the share of the > 0.5 mm fraction, causing negative skewness (7.0 m, 3.0 m, 2.6 m depths) (Fig. 7) . Such a sequence of sediments may be due to small pulsatory discharges of lake sediments, and probably serve as a record of channel environments. They are sites of accumulation of coarser material, which indicates higher energy of discharge. Such a deposit structure may be a record of small fl uctuating and periodically waning fl ow (Zieliński & Brodzikowski 1992 , Winemann et al. 2007 ). Thus it may be the result of individual fl ood events that take place during the melt season in glacial environments (Winemann et al. 2007) .
Sediment grain size does not signifi cantly change with distance from the supply source in (Figs 1, 3) . This may indicate a homogeneous, continuous source of sediment, and may be due to its location in the distal part of the sandur (Figs 4-9) , which is dozens of ca 20 km long. Probably this stretch of distance was the site of fl uvioglacial deposit sorting, where grains are fi ned along the transport (Orton & Reading 1993 , Fernendez et al. 1988 . Coarser grain fractions can be accumulated entirely on the delta in an alluvial fan (Liermann et al. 2012) . Probably the recharge of sediments from the sometimes steeply sloped hills surrounding the sandur was not signifi cant. That may also form a very small concentration of clay and silt particles. According to Smolska (2010) , within a delta there are no interdistributary bay areas where mud of the type transported along a sandur can accumulate. In the distal parts of a sandur such transported material comprises small amounts of clayey and silty fractions.
Perhaps the accumulation of sediments occurred in shallow water. This suggestion is supported by geological surveys (PochockaSzwarc 2003) which estimate the depth of the reservoir in which the fan delta formed. Depths ranged from ca 7 m at the mouth of the proglacial braided channel to the lake near Banie Mazurskie to ca 10 m in the centre of the Skaliska Basin. Geophysical surveys also indicate that the lake bottom is not fl at; this probably is related to the melting of dead ice (PochockaSzwarc 2009). At the same time, the shallowness of the reservoir increased resedimentation processes and expansion of mouth bar deposits (Nichols 2009). The series of mud deposits (Fig. 4) Analyses following Cailleux (1942) suggest that the material forming the dune displays features of fl uvioglacial sediments, typifi ed by great variability of grain types presented in Table 1 (Woronko 2001). The shape of the form, typical of parabolic dunes, indicates that the structure should be considered a dune, but transport of grains most likely was very short-range, as evidenced by the small share of grains processed in an aeolian environment -RM and EM/RM (Tab. 1). The source sediments included the fl uvioglacial sediments commonly found in the western part of the Skaliska Basin (Pochocka-Szwac 2003) and sediments forming the fan delta. Equally low shares of quartz grains processed in an aeolian environment were reported in aeolian sediments infi lling wedges from the central part of the Kolno Plateau (Korotaj & Mycielska-Dowgiałło 1982) and in the northern part of the Podlasie region at the Jałówka site (Woronko et al. 2013 ). These two sites are located in the foreground of the Weichselian ice-sheet. Such features of aeolian deposits may be caused by high moisture of sediments blown by the wind, among other factors. The high share (> 14%) of broken grains (C) with fresh edges in the dune sediments may be the result of postsedimentological frost weathering (Woronko & Hoch 2011 , Woronko 2012 ) and crushing in a glacial environment (Gomez & Small 1983 , Gomez et al. 1988 , Mahaney 1995 .
OSL dating indicates that accumulation of aeolian deposits began ca 10.3 ka BP (Fig. 9) , corresponding to the dune transformation period of Dryas 3 and the Early Preboreal, dated to 10.800-9.500 ka BP, when new dunes were formed from the Netherlands in the west to Great Poland in the east (e.g. Kozarski 1978 , Kasse 1999 , Schirmer 1999 . In Dryas 3 the culmination of aeolian activity is recorded "…from the area closely extramarginal to the Pomeranian glacier stage…", where the withdrawal of the ice sheet was initiated ca 15 ka (Schirmer 1999).
CONCLUSIONS
Analyses of the grain size of fan delta sediments accumulated in a proglacial lake of the Skaliska Basin during the Weichselian glaciation show very little variability in grain features, neither laterally nor along the vertical profi le. Probably this is related to the supply of homogeneous material into the lake, which before forming the fan delta was sorted along a sandur ca 20 km long. The fan delta is built of fi ne sandy sediments lying on laminated clay from an ice-dammed lake. Accumulation most likely occurred in shallow water and with a large amount of material supplied to the basin along the sandur. The large sediment supply to the lake caused the fan delta to have a low slope gradient. Small changes in sediment grain parameters observed in the drilled boreholes may refl ect low variability of fl ow in the proglacial river that provided material into the reservoir.
Once the lake water of the Skaliska Basin depression was gone, the exposed delta became a site affected by aeolian activity, which resulted in the formation of belts of small dunes in the Younger Dryas. However, aeolian processes in this area were of short duration, recorded only in the relief, not in the textural features of deposits.
